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Abstract 
In this paper, in order to attain the maximum ergodic capacity and significantly 
increase the spectral efficiency of wireless communication systems, novel li-
near beamforming is proposed for dual-hop amplify-and-forward (AF) mul-
ti-relay networks. The linear beamforming is designed based on the maximi-
zation of the signal-to-interference-plus-noise ratio (SINR) and signal-to- 
leakage-and-noise ratio (SLNR). The channel state information (CSI) is used 
in applying this new design to multi-relay (MR) nodes between the source 
and relays as well as relays and destination. The beamforming optimization 
problem is solved by using the Fukunaga-Koontz Transform (FKT). The scheme 
can achieve intra-node array and distributed gains by using multiple antennas 
and multi-relays (MRs). The performance of the proposed scheme demon-
strates that by considering interference mitigation criteria the ergodic capaci-
ty at a significant level is improved as compared to the conventional tech-
niques. Therefore, the proposed techniques based on the maximization of the 
signal-to-interference-plus-noise ratio (SINR) and signal-to-leakage-and-noise 
ratio (SLNR) relay processing outperform other conventional techniques in 
case of a multi-relay dual-hop network in terms of ergodic. 
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1. Introduction 

Due to high data rate, delivery dream, and interference, free demand of wireless 
services, the existing and future mobile communication technologies such as 4G 
and 5G, and cognitive radio are employing advanced technologies like MIMO 
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and multi-relay (MR) systems. The technologies are being pursued to attend re-
liable communications with high data rate and low energy consumption provid-
ing high service quality. In wireless networks, multiple MIMO relays are used to 
achieve diversity in signal transmission and to improve overall network perfor-
mance confrontations. Due to path loss, shadowing, multipath fading and signal 
interference effects, the channel capacity, reliability, and quality are debased in 
mobile communication. This is assumed as common transmission impairments 
of wireless transmission. To tackles these issues, micro-base stations are deployed 
which require substantial running and capital costs. For the future as well as ex-
isting wireless communication systems, a reliable and cost-effective technique is 
used called the relay-assisted transmission technique. This technique can enhance 
the quality of the wireless network between the source and destination and can 
improve base station coverage at the cell edge [1]. Relay-assisted communica-
tions have become popular after the great work discussed in [2]. Due to the prof-
itable assistance of MIMO relay nodes to the MIMO systems, the existing and 
future wireless networks, LTE, and advanced networks [3] are widely consider-
ing the relay-assisted MIMO (RA-MIMO) technologies as a vibrant candidate to 
support high data demands [4]. 

The amplify-and-forward (AF) relay technology is more attractive because of 
low complexity and simplicity of application and decode-and-forward (DF) relay 
in which processing delay occurs due to the decoding and encoding process [5]. 
Beamforming can also enhance the performance of relay-based networks. Re-
cently, many beamforming techniques have been proposed to enhance the per-
formance of relay based networks and as a key enabling technology for 5G com-
munication [6]-[19]. An appropriate design of beamforming for AF relay can ef-
ficiently reduce the level of interference at the receiving and transmitting sides, 
which helps to obtain the optimal capacity. Adequate researches are performed 
for beamforming design that can approach the upper-bound capacity derived in 
[11] for MR-DH-MIMO system. The capacity scaling of a RA-MIMO network is 
discussed and it is proved that the capacity of the MR-MIMO network escalates 
by increasing the relay nodes in the cluster [11]. The ergodic capacity of a MR 
network is also analyzed by considering a single antenna at the relay nodes [12]. 
A multi-relay wireless system is studied, which proposes the QR decomposition 
(QRD) based relay receive and transmit beamforming to achieve better network 
performance [13]. It is also claimed that multiple uses of QRD operation at 
transceiver of MR nodes can increase the cost of QRD operation [14]. The au-
thors have also proposed an efficient algorithm in [14] for the MR network which 
employs the same number of antennas to each node. A matched filter (MF) is 
used in this design as the relay receive beamforming whereas, for the relay trans-
mit beamforming, regularized zero-forcing (RZF) is used with the objectives to 
achieve intra-array and distributed gain. The performance of the MF-RZF is 
better as compared to the techniques discussed in [13]. In this design, the RZF 
reaches the zero-forcing (ZF) scheme, if the regularization parameter value be-
comes very small or near to zero, causing noise enhancement. However, a high 
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regularization parameter value causes the equivalent channel matrix to deviate 
from the diagonal matrix, causing interference and extra power expenditure 
throughout data streams [15] [16] [17]. Since, a specific amount of interference 
is allowed in the RZF technique [18], therefore with a non-zero regularization 
parameter value, the interference cannot be canceled completely [19]. 

In noise-limited scenarios, the MF beamforming technique is important to de-
liver better performance. However, the MF performance in interference-limited 
scenarios is poor [20]. Therefore, for both the scenarios, it is necessary to have the 
techniques that perform efficiently, in practical communication systems, cochan-
nel interference as well as adjacent-channel interference is present [21], which 
should be included in the objective function of designing the beamforming for 
MRs. The designs based on the signal-to-interference-plus-noise ratio (SINR) 
maximization (SINR-Max) and signal-to-leakage-and-noise ratio (SLNR) max-
imization (SLNR-Max) criteria perhaps are the capable contender to overcome 
this problem. The techniques based on SINR-Max consider noise and interfe-
rence and make the system perform better than the techniques used in [14] and 
[22] for relay receive beamforming. Nevertheless, the beamforming computa-
tional load has usually a large value, and to lower that value, efficient Fukuna-
ga-Koontz Transform (FKT) can be used to design the relay receive beamform-
ing based on SINR-Max [23] [24]. For MRs in a DH network, SLNR-Max is used 
which is based on downlink precoding [22].  

However, this paper contributes to the design of relay receive beamforming 
based on SINR-Max using the FKT. It is worth mentioning that the scheme han-
dles the noise and interference in both, the MR receives beamforming design 
and downlink precoding design. This novel relay processing design can achieve 
the distributed and intra-node array gain by controlling the interference at the 
reception of the relay nodes and intra-user interference because of the leakage at 
the destination. Intra-node array gain is achieved when multiple antennas are 
deployed at individual node of the network, whereas, the distributed array gain 
is obtained through various relay nodes connected in parallel [14]. The novelty 
of relaying scheme is in SINR-Max and SLNR-Max beamforming designs, which 
uses FKT for multiple AF relay nodes to obtain these types of gains. The pro-
posed scheme can improve the enactment terms of ergodic capacity. It can make 
it possible to control interference among various antennas of the relays and at 
the destination node. 

2. System Model 

In this research, a dual-hop single user AF MR-based MIMO (DH-AF-MIMO) 
network is studied as presented in Figure 1. It consists of the transmit antennas 
at source ‘“Ns”, the relay transmit and receiving antennas “Nr”, and the destina-
tion antennas “Nd”. Signal vector “s” is aired to AF relay nodes by the source. 
The transmission between the source and destination is not considered because 
of long-distance deep fading. The MR nodes were joined in parallel to help to 
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Figure 1. DH-AF-MIMO. 

 
establish the communication between the source and destination. The source 
node first sends the information signal, processes it, and then forwards it to the 
destination by using MR nodes, which possesses multiple antennas at the indi-
vidual relay. The relays with multiple antennas give better performance [25]. 
The mode of transmission of relay nodes is supposed to be the half-duplex mode. 
At the relay nodes, the channel knowledge of both channels. The channels are 
supposed to be impartial and uniformly distributed, experiencing the same Ray-
leigh flat fading effect. 

The information signal transmission is distributed into two phases. In the first 
phase, the modulated signal vector “s” is transmitted to MR nodes by the source 
as 1sN ×  and it satisfies the source power constraint as: 

{ } s

H s
N

s

P
E

N
=ss I  

where; 

sP  = source transmit power 

sNI  = identity matrix of s sN N× . 
The information signal at the kth relay node is as follows: 
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“ r sN K N× ”; 

1,2, ,k K= � . 

{ } 2
r

H
rk rk r NE σ=n n I  

where; 
2
rσ  = noise variance at the relay node. 

In the second stage, linear processing is performed through the AF relay nodes 
by the multiplication of a beamforming matrix “ kF ” of “ r rN N× ” dimension 
with the received signal vector “ ,r ks ” and then forwarded to the destination. The 
network performance is improved by the beamforming matrix and the relay 
transmit power constraint is satisfied as: 

{ }H
k k kE P≤r r  

where; 

kP  = relay transmit power 
The transmitted signal by kth relays to the destination is shown as: 

1k k k rkk
K
=

= +∑r F H s n                      (2) 

where; 

kr  = kth relay node transmit power 
Therefore, the condition of a power constraint for the precoded signal that is 

transmitted by AF relay terminals is given as: 

( ) 2
r

H Hs
k k k k rk N k k

s

P
r tr P

N
δ σ

   = + ≤  
   

F H H I F            (3)  

where; 

kρ  = power normalizing coefficient [26] 
This can also regulate the relay transmit power which is given as: 

( )
k

k
k

P
r

ρ
δ

= .                        (4) 

After relay linear processing, the received signal is shown as:  

( )1 1k k k k k k rk dk
K

k
Krρ

= =
= + +∑ ∑y G F H s G F n n             (5) 

where; 

kG  = complex channel matrix of “ s rN N K× ” dimension between the kth re-
lay nodes 1,2, ,k K= �  and the destination i.e. d rN N

k
×∈G  channels where  

[ ]1 2, ,,k k= �G G G G . 
The elements of ,j ig  symbolize the channel gain from the relay transmit an-

tenna “i” to the destination receive antenna “j” i.e. 1, , ri N= �  and  
1, , dj N= � . Since, dn  is dN

d ∈n  CGN with zero-mean and covariance, 
which meets the noise variance as: 

{ } 2
d

H
d d d NE σ=n n I  

where, 
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2
dσ  = noise power at the destination. 

3. Linear Beamforming for Multi-Relay Nodes 

In relay receive beamforming, the cancellation of interference by the ZF tech-
nique will cost noise enhancement. Nevertheless, the SNR is maximized by mi-
nimizing the noise with the help of the MF beamforming technique but it does 
not take into consideration the interference cancellation. To deal with this issue, 
the SINR-Max criterion based on the relay receive beamforming is designed us-
ing the FKT. Therefore, the criterion like SINR-Max can provide a reconciliation 
between the noise and interference by eliminating the interference and mini-
mizing the noise [27]. The issue of interference is faced because of the leakage 
signal from the desired signals that are forwarded by MR nodes at the designa-
tion. To deal with this issue of optimization, the SLNR-Max-based linear pre-
coding technique is designed for MR downlink using the FKT as discussed in 
[24]. The relay processing technique based on SINR-Max and SLNR-Max for 
multiple AF relay nodes is proposed as an alternate technique to the convention-
al relay processing schemes. 

3.1. SINR Maximization Based Beamforming for K Relays 

In this section, SINR-Max based relay receive beamforming for multiple AF re-
lays is designed and discussed using the FKT. For relay receivers, the beamforming 
vectors can be used in such a way that at k relay nodes, the beamforming can 
maximize the SINR. The interference is controlled by the beamforming between 
multiple antennas of MRs for the network as seen in Figure 1. “ kH ” represents 
the channel between the source and MR nodes i.e. k sN N

k C ×∈H . The channel 
matrix for K relay nodes is given as: 

1 2 ,, ,H H H
c K =  �H H H H                     (6) 

where; cH  represents the combined matrix. 
For each relay receive antenna, the channel matrix is given as: 

1 1, ,ˆ ˆ , ,
H H

l l H H H
k k k k K− +

 =  �H H H H H                  (7) 

In an MR system, the SINR, represented by “ l
kγ ”, is obtained when the re-

ceived signal power is divided by the indesired signal and noise power at k relays. 
It is expressed as: 

2

2

2 2
1 1

k

l l
k kl F

k L Nl l l
lr i k i kjF Fl k j k

γ
σ = =

≠ ≠

=
+ +∑ ∑

h b

H b h b
              (8)  

It can also be written as: 

( )
2

H H

H H

r

l l l l
k k k kl

k l l l l l
k k k k rk N

γ
σ

=
+

b h h b

B H H B I
                  (9)  

where, 
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l
kb  = beamforming vector 
l
kh  = complex row vector of the lth receive antennas of k relay nodes i.e.  

1, , kl N= �  
2l

rkσ  = noise variance at lth antenna elements for kth relays i.e.  
2 2 2

1 , ,l l l
rk Kσ σ σ= �  and 1, ,

k

l
k N= �b b b , whichis vector-by-vector relay beamform-

ing for an individual antenna element of the kth relays. 
The numerator term in (9) is representing the desired signal, while the term in 

the denominator is representing the combination of interference and noise power 
at the lth receive antennas of kth relays. The vectors are developed independently, 
based on the vector-by-vector relay beamforming. Therefore, the antenna-wise 
SINR-Max beamforming at “k” relays is set as: 

( )
1

ˆ arg max .
Nl r

k

l l l
k k k

C
SINR

×∈
=

B
B B                   (10) 

Or 

( )
21

arg max

H H

H HNl r
k

r

l l l l
k k k kl

k l l j l lC
k k k k rk Nσ×∈

=
+b

b h h b
b

B H H B I
.             (11)  

1 , , kN
k k k =  �B b b . 

where; 

kB  = beamforming matrix for k relays 

1, ,k K= �  

1, , kl N= �  

3.2. SLNR Based MR Downlink Precoding Design 

As the interference caused by the signal leakage cannot be canceled by using 
conventional techniques like the RZF technique, which uses an adjustable para-
meter to control the interference. However, the interference is not canceled out 
completely by the non-zero value of the regularization parameter. Although, the 
leakage-based downlink precoding can show robustness against the interference 
between multiple antennas at the destination. In this design, the interference due 
to leakage and noise at the destination side is taken into account for vector by 
vector downlink precoder design as discussed in [23] and [24]. The proposed 
technique reduces the interference resulted caused by the signal leakage from the 
wanted signal among multiple antennas. Figure 1 illustrates the concept of the 
leakage signals from the desired signals, due to which interference is caused by 
other antennas. This design aims to reduce the interference that can help in im-
proving the network ergodic capacity. 

The channel matrix between the destination and MR nodes at the downlink of 
the given system is represented by the notation “ kG ”. 

1 2 , ,,
HH H H

k K =  �G G G G                     (12) 

For jth antennas of k relay nodes to the destination, the channel matrix is given 
as: 
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1 1, , ,
Hj H H H

k k k K− + =  �G G G G                    (13) 

The relay precoder design is developed with the relay power constraint as: 

( )
1

ˆ arg max .
j Nr

k

j j j
k k k

C
SLNR

×∈
=

F
F F  

s.t ( )k rr Pδ ≤ .                       (14) 

where, “ j
kF ” is the kth RTP for jth receiving antennas. 

The SLNR per antenna is obtained when the desired signal power is divided 
by the leakage signal and noise power and is given by: 

2

2

2 2
1 1

-
d

j j
k kj F

k L Nj j j
i k k k k diF Fj k j k

PA SLNR
σ= =

≠ ≠

=
+ +∑ ∑

g f

G f g f
        (15) 

where; 
j

kg  = complex signal of jth destination antennas where, 1, , dj N= �  
2j

dσ  = noise variance at the destination i.e. 
2 2 2

1 , ,j j j
d dσ σ σ= �  

j
kf  = vector-by-vector kth RTP for jth antenna elements i.e. 1, ,

d

j
k Nf f f= �  

When (15) is maximized, the precoding vectors per antenna are generated as 

( )
( )21

arg max

H H

H Hj Nr
k

r

j j j j
k k k kj

k j j j j jC
k k k rk N kσ×∈

=
+F

f g g f
f

f G G I f
             (16) 

1, , dNj
k  =  �F f f  

Here “ j
kF ” represents the kth RTP matrix for jth receive antennas at the desti-

nation, which supports maximizing the SLNR. 
For this objective function, different precoders are selected to maximize the 

effectiveness of the wanted signal analogous to the interference and noise due to 
the leakage. The multiplication of relay receive beamforming matrix from (11) 
and (16) gives: 

j
k k= ×F F B .                        (17) 

3.3. Fukunaga-Koontz Transform (FKT) Based Relay Receive  
Beamforming Algorithm 

For the selection of feature, Koontz and Fukunaga suggested a statistical method 
for high-dimensional data [23]. It was meant for a two-class reorganization prob-
lem i.e. set of vectors that represent two classes, concurrently the vectors that 
best represent one class will be the least representative one for the other class 
[28]. Let 1Z  and 2Z  be two data matrices, then T

1 1 1=S Z Z  and T
2 2 2=S Z Z  

will be the symmetric auto correlation and positive semi definite matrices. The 
covariance of the two matrices 1S  and 2S  be computed essentially, according 
to the FKT. The subsequent phase of the algorithm is to add up 1S  and 2S  as 

T T
1 1 2 2= +S Z Z Z Z  and decomposing the matrix S  into eigenvalues and eigen-

vectors by using singular value decomposition i.e. T =  S UDV . 
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The U  and D  matrices are used to build the transformation operator P , 
which is also termed as the FKT [29]. It is used to alter the data into the eigen-
space and is given by: 

1 2−=P UD  

D  = diagonal matrix with eigenvalues, which are non-zero and positive sin-
gular values i.e. { }1, , rdiag λ λ= �D , 1 0rλ λ≥ ≥ >� .  

U  = identity matrix. 
The matrices 1S  and 2S  are transformed into subspace by using the P  op-

erator with lesser dimension. After the transformation, two new matrices i.e. 1
�S  

and 2
�S  are obtained which are given as: 

T
1 =�S P SP  and T

2 =�S P SP  

where 1
�S  and 2

�S  are the transformed target and background matrices and their 
sum should be equal to the identity matrix i.e.  

1 2+ =� �S S I , and 1 2= −� �S I S .                 (18) 

The same eigenvectors and eigenvalues are shared by 1
�S  and 2

�S  as these are 
transformed by using the same operator. If v  is the eigenvector of 1

�S  with 
the eigenvalue 1λ  then, 1 1λ=�S v v  [30]. 

( )2 1λ− =�I S v v .                      (19) 

( )2 11 λ= −�S v v .                       (20) 

In (18), 1
�S  holds important information for the targeted class whereas, 2

�S  
has more significant information for the background class. The training stage is 
completed after obtaining these two matrices. 

The optimization problem of the relay receive beamforming for k number of 
relays is formulated to FKT as follows: 

1
Hl l

k k=�S h h .                       (21) 

2
2 r

H
k k rk Nσ= +�S H H I .                   (22) 

And their sum is given as: 
2

1 2 r

H
c c rk Nσ= + = +� �S S S H H I .                (23) 

The FKT factor can be calculated by using the facts of (21) and (22) for indi-
vidual relay receive antenna, which generates the shared eigenspace matrices 1

�S  
and 2

�S . They complement one another in a manner that the best-principled ei-
genvectors of the matrix 1

�S  are the least principled eigenvectors for the matrix 

2
�S  and vice versa. The FKT factor, after multiplying with the eigenvectors of 

unitary matrix U , gives the eigenvalue of matrix D  of transformed antenna 
covariance matrix [24] [31]. It is important to note that, for a cluster of relay 
nodes, the computation of FKT is required only one time that reduces the com-
putational load. 

The summary of the algorithm steps to compute the FKT factor for MR nodes 
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is given in Table 1. Starting from step one to step two the FKT is computed, in 
step three and four beamforming is generated for the kth number of relays. 

The received signal is given as: 

1 1
d dN N

d i rk dj j
k j k j

y ρ= =
≠ ≠

= + + +∑ ∑GFHs GFs GFn n            (24) 

where; 

sd ρ=G GFH  

i=I GFs  (Interference due to signal leakage) 

rk d= +z GFn n  (Noise at the destination). 
According to [14], the filter used at the destination is based on QRD. The 

QRD operation of the equivalent channel sdG  provides two output matrices Q  
and R , which are the m n×  unitary and upper triangular matrices respectively. 
It is given as 

11 12 13

22 23

33

0
0 0

r r r
r r

r

 
 =  
  

R .                     (25) 

The destination filter based on QRD is given as: 

( )H
sd=W Q .                        (26) 

The SINR is obtained when the transmitted signal is divided by the interfering 
signals and noise [32]. The SINR can be expressed as follows: 

( )( ) 2 2

2
,

2SINR

s
j j

d

H l j
sd r d

j

P r
N

ρ σ σ

 
 
 =

+Q GF
.             (27) 

where 2
,j jr  are jth entries in the diagonal of the matrix “ R ”. Finally, the network 

ergodic capacity is given as: 
 

Table 1. Porcessing algorithm. 

Steps Activities 

Input SR channel matrices and noise variance at the relay terminal ( kH  and 
2l

rσ ) 

1. Calculation ofthe summation of covariance matrices 1
�S  and 2

�S . 

2. Computation of the transform factor P  from singular value decomposition of S  

3. For 1, , kl N= �  relay receive antennas 

4. For 1, ,k K= �  number of relays 

 Using the FKT factor, transform the lth receive antennas covariance matrix 1
�S  from (21) 

 Transformation of P  to 1
�S  and selection of the first eigenvector lv  of matrix 1

�S  

 
l l
k =b Pv  is the relay receive beamforming vector for lth antennasand k relay receive  

antennas 

5. Multiplication of l
kB  with jF  

6. End 

Output l j
k= ×F B F  the relay precoding matrix 
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{ } ( )g 21,
1 log 1 SINR
2

dN
er jH G

k j
C E =

≠

 
= + 

 
∑                 (28) 

For the dual-hop multi-relay assisted network, the upper-bound capacity is 
given as: 

{ } 1
2 2 1

1 log det
2K sk k

K Hs
upper N kH

s r

P
C E

N σ=
=

   = +  
   

∑I H H         (30) 

where,  

sP  = total source transmit power. 
1/2 = time-sharing factor (for signals of the receiving and forwarding process. 

4. Simulation Methodology 

In this section, the MCS is used to present the theoretical results of the proposed 
scheme. In all simulations, dimensionally uncorrelated MIMO channel matrices 
are developed between the source to the relay nodes and the relay nodes to the 
destination without loss of generality. These matrices are identically distributed, 
independent, and their entries are CG random variables with zero-mean com-
ponents and unit-variance i.e. ( )0,1CN . At the relay and destination terminal, 
the noise variances are considered equal i.e. 

2 2
r dσ σ=  

For the validation of the performance of the proposed scheme, the perfor-
mance results of the existing techniques are compared. 

The performance of a DH-MR-MIMO network is evaluated in terms of the 
ergodic capacity. From the source node, independent data streams are transmit-
ted by using separate antennas having equal distribution power. The SNR of the 
S-R and R-D channels are given as 2

sr s rSNR P σ=  and 2
rd k dSNR P σ= . The 

channel knowledge is considered at the relay terminals for S-R and R-D channels 
[14]. For the DH-MR-MIMO network, the upper-bound capacity is considered 
as a reference point [11]. 

The results from the MCS of the recommended beamforming technique for 
the DH-MR-network are balanced for 5000 independent channels to evaluate the 
performance of the suggested scheme. The performance of other available pre-
coding methods that are discussed in [23], as well as ZF-ZF, MF-RZF, and MF- 
ZF techniques are evaluated that are explained in [13] [14] and [17] respectively. 
Table 2 represents the parameters used in the simulation process. 

5. Result and Discussion 

This section discusses the evaluation of the suggested and compared schemes. 
The results are obtained by using different number of antennas at each node by 
taking various number of relay nodes. The ergodic capacity curves of the pro-
posed scheme and other beamforming techniques are compared and shown in 
Figure 2. The results are obtained with 3s r dN N N= = =  at each node and one 
relay between the source and destination. 
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The graph shows the results of the suggested and additional beamforming 
techniques. It is clear from the figure that at each SNR value, the recommended 
technique outperforms other techniques. 

The regularization factor is used for the suggested scheme, which clearly 
shows that the MF-ZF technique is outperformed by the MF-RZF technique. 
When the value of the regularization parameter is reduced, then the scheme ap-
proaches the MF-ZF beamforming. Since the MF technique performs well at low 
SNR values, the MF-ZF technique outperforms the ZF-ZF technique only when 
the SNR values are low, although the interference is eliminated by the ZF beam-
forming that will cost the noise enhancement. The results clearly show that at 
low SNR values, the ZF-ZF scheme gives slow performance but it regains its 
performance at a high SNR value. 

The plots of Figures 3-5 represent the efficiency of the suggested beamform-
ing scheme at an increased number of relay nodes from one to six by keeping the  

 
Table 2. Parameters for simulation. 

Parameters Value 

InputRelay protocol Amplify-and-forward 

Network configuration DH-MR-MIMO system as shown in Figure 1 

Antenna configurations at each node 3s r dN N N= = = , and 6s r dN N N= = =  

Noise variance 2 2
r dσ σ=  

Channel between S-R and R-D is assumed Rayleigh flat fading 

srSNR  2
sr s rSNR P σ=  

rdSNR  2
rd k dSNR P σ=  

Noise AWGN 

CSI Considered perfect at the relay terminals 

 

 
Figure 2. Maximum ergodic capacity (bits/s/Hz) v/s SNR. 
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same number of antennas i.e. three antennas at each node of the network. The 
distributed array gain is achieved from MR nodes, which helps in increasing the 
ergodic capacity, whereas, diversity gain is achieved by the number of antennas 
at each node. The efficiency of the proposed technique is validated by its per-
formance gain against the interference in contrast with other techniques that 
control the interference between several antennas of MR nodes and destination 
nodes. 

The results achieved by the suggested technique and other beamforming tech-
niques are represented in the graph. The network is equipped with  

 

 
Figure 3. Maximum ergodic capacity (bits/s/Hz) v/s SNR. 

 

 
Figure 4. Maximum ergodic capacity (bits/s/Hz) v/s SNR. 

0 5 10 15 20 25 30
0

5

10

15

20

25

30

35

 

 

X: 25
Y: 20.67

SNRsr=SNRrd (dB)

E
rg

od
ic

 C
ap

ac
ity

 (b
its

/s
/H

z)

X: 25
Y: 18.44

X: 25
Y: 17.31

Capacity-Upperbound
Proposed Scheme
MF-PA-SLNR 
MF-RZF 
MF-ZF 
ZF-ZF 

0 5 10 15 20 25 30
0

5

10

15

20

25

30

35

40

 

 

X: 25
Y: 23.55

SNRsr=SNRrd (dB)

Er
go

di
c 

Ca
pa

ci
ty

 (b
its

/s
/H

z)

X: 25
Y: 21.17

X: 25
Y: 19.89

Capacity-Upperbound
Proposed Scheme
MF-PA-SLNR
MF-RZF 
MF-ZF
ZF-ZF

https://doi.org/10.4236/ojapps.2021.1110087


A. M. Ali et al. 
 

 

DOI: 10.4236/ojapps.2021.1110087 1170 Open Journal of Applied Sciences 
 

 
Figure 5. Network capacity in bits/s/Hz v/s SNR. 

 
3s r dN N N= = =  and 3K =  (K is the number of relay nodes with three an-

tennas at each node). 
The results achieved by the suggested technique and other beamforming tech-

niques are represented in the graph. The network is equipped with  
3s r dN N N= = =  and 6K = . 

The graph represents the performance comparisons of the suggested scheme 
with other precoding schemes having perfect CSI at the relay node, under system 
configuration of 6s r dN N N= = =  and 6K = . 

Table 3 represents the capacity gained at 25 dB SNR by suggested and other 
techniques by keeping three antennas at each node and repeating the simulation 
process for various relay nodes such as 1, 3, and 6. The performance of the pro-
posed beamforming technique is much improved as compared to the other 
techniques when applied to the MR-MIMO network. There is a linear increase in 
the capacity as the number of relay nodes increases. 

Figure 6 shows the response of the proposed technology in terms of ergodic 
capacity and SNR. It represents the linear behavior of the proposed relay pre-
coding technique at 3s r dN N N= = = . The simulation results are obtained with 
a large number of relay nodes and SNR values. It is observed that the proposed 
technique gives improved outcomes that can reach the upper-bound capacity 
limit.  

Figure 7 compares the plots of the ergodic capacity of the suggested technique 
for several relay nodes. It shows that for fixed number of antennas, as the num-
ber of relay nodes escalates, the ergodic capacity of the network increases. 

The simulation results show that when SINR-Max is considered for beamform-
ing, the design gives better performance alongside the inter-stream interference at  
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Table 3. Parameters for simulation. 

No. 
Beamforming at  

the AF relay nodes 

Capacity gain for 3 antennas at each node  
and different number of relay nodes 

Number of relay nodes 

1 2 3 

bit/s/Hz bit/s/Hz bit/s/Hz 

1 Proposed technique 16.15 20.67 23.55 

2 MF-PA-SLNR 14.26 18.44 21.17 

3 MF-RZF 13.26 17.31 19.80 

 

 
Figure 6. Network ergodic capacity (bits/s/Hz) v/s SNR (dB). 

 

 
Figure 7. Maximum ergodic capacity v/s number of AF relays. 
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MR nodes. Whereas, the relay downlink provides unwanted signal reduction due 
to the signal leakage at the destination. Moreover, when the FKT is used in the 
proposed technique, it effectively solves the issue of optimization. It is clear from 
the FKT algorithm that the computational burden of beamforming is reduced 
because the transformation factor needs to be computed only one time for MRs. 

However, when the number of antennas is increased at each terminal from 
three to four, the measured sum capacity using the proposed scheme is increased 
as compared to the MF beamforming at the relay receive side. Similarly, as the 
number of antennas rises to eight, the sum capacity also increases linearly. Based 
on the results and discussions mentioned above, it is concluded that the pro-
posed technique for AF relay is more efficient as compared to other techniques. 
The performance of the whole system is enhanced in terms of the ergodic capac-
ity by adding more relays due to the diversity order achieved by an additional 
number of relays. Moreover, the increasing number of antennas at individual 
nodes increases the capacity and decreases the number of relay nodes, which 
may result in complexity reduction. 

6. Conclusions and Future Direction 

A linear beamforming scheme has been proposed using the Fukunaga-Koontz 
Transform (FKT) to control the interference for amplify and forward multiple relay 
MIMO assisted dual-hop network, where the co-channel interference (CCI) was 
considered at relay receivers and interference at the destination node due to leakage 
signal. The performance of the proposed scheme demonstrates that by considering 
interference mitigation criteria the ergodic capacity at a significant level is improved 
as compared to the conventional techniques. Therefore, the proposed techniques 
based on the maximization of the signal-to-interference-plus-noise ratio (SINR) 
and signal-to-leakage-and-noise ratio (SLNR) relay processing outperform other 
conventional techniques in terms of ergodic capacity. 

The results in this work provide a strong foundation for future work in the 
performance of wireless network. One area of the future work is to optimize the 
Performance of Massive MIMO systems, to limit inter-cell interference and to 
improve the use of the available frequency bands by covering cognitive radio and 
mobile to mobile communications(D2D), to guarantee a level of end-to-end qual-
ity of service in different mobile wireless environments. Another area is matur-
ing enough beamforming algorithms in order to exploit Millimeter wave to its 
full potential. It requires improvement in the networks when personal base sta-
tions (BSs) and satellite connectivity can get merged into cellular communica-
tion. 
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Abbreviations 

Abbreviations Description 

AF Amplify-and-forward 

AWGN Additive White Gaussian Noise 

CSI Channel state information 

( )0,1CN  Complex circular symmetric Gaussian distribution 

DF Decode and forward 

i.i.d Independent and identically distributed 

LTE Long term evolution 

FKT Fukunaga-Koontz Transform 

S-R Source to Relay 

RZF Regularized zero-forcing 

R-D Relay to Destination 

SLNR Signal-to-leakage-and-noise ratio 

SINR Signal-to-interference-plus-noise ratio 

ZF Zero-forcing 

 

Notations 

Notations Description 

Lowercase boldface letters Vectors 

Uppercase boldface letter Matrices 

( ).tr  Trace function 

( )0,1CN  Complex circular symmetric Gaussian distribution 

( ). H  Hermitian transpose 

.  Determinant 

s  Euclidean norm of a vector s 

F
X  Frobenius norm matrix X  

sNI  Identity matrix of s sN N×  dimension 

( ).E  Expectation operation 

kH  Channel matrix between source to k relay nodes 

TH  Transpose of matrix H  

HH  Hermitian of matrix H  

2log  The logarithm with base 2 

2
rσ  The noise variance at relay node 

2
dσ  The noise variance at user node 
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